Background: GABAergic interneurons regulate the balance and dynamics of neural circuits, in part, by elaborating their strategically placed axon branches that innervate specific cellular and subcellular targets. However, the molecular mechanisms that regulate target-directed GABAergic axon branching are not well understood. Results: Here we show that the secreted axon guidance molecule, SEMA3A, expressed locally by Purkinje cells, regulates cerebellar basket cell axon branching through its cognate receptor Neuropilin-1 (NRP1). SEMA3A was specifically localized and enriched in the Purkinje cell layer (PCL). In sema3A 2/2 and nrp1 sema2/sema2 mice lacking SEMA3A-binding domains, basket axon branching in PCL was reduced. We demonstrate that SEMA3A-induced axon branching was dependent on local recruitment of soluble guanylyl cyclase (sGC) to the plasma membrane of basket cells, and sGC subcellular trafficking was regulated by the Src kinase FYN. In fyn-deficient mice, basket axon terminal branching was reduced in PCL, but not in the molecular layer.
Introduction
The establishment of specific neuronal connectivity often involves sequential and coordinated steps, including cell migration, axon growth and guidance to their target area, terminal branching within the target domains, and synapse formation [1] [2] [3] [4] [5] . Like axon guidance, axon branching is tightly regulated to establish specific neural connectivity. The temporal and spatial control of branching is crucial during circuit development and confers characteristic morphology on each neuronal cell type. Specific and regulated axon branching may also contribute to target selection and structural plasticity [6] [7] [8] .
An axonal branch can form through at least three distinct modes: (1) bifurcation of a growth cone, (2) collateral branching from the axon shaft, and (3) terminal branching. Distinct axonal branching is well exemplified by GABAergic interneurons in the neocortex. Indeed, differential classes of interneurons extend axon arbors that are vertical, horizontal, or laminated and thereby distribute their output to the same or multiple layers and columns [9] [10] [11] . In addition, most interneuron axons have exuberant local branching, with which they seek out specific cell types and impose strong control over local neuron populations [12, 13] . Despite its functional importance, the molecular mechanisms that regulate precise axonal branching of GABAergic interneurons are unclear.
In the cerebellar cortex, the Purkinje cells receive two sets of inhibitory GABAergic inputs from molecular layer interneurons. The stellate cell selectively innervates the Purkinje cell dendritic shaft, whereas the basket cell targets the Purkinje soma and axon initial segment (AIS). Each interneuron type displays a unique axon organization and branching pattern. For example, basket axons first form several collateral branchings that innervate Purkinje cells, and each collateral displays abundant local terminal branches at the Purkinje soma and AIS to form the pinceau synapse [14] . Whether these different modes of branching are regulated by a cell-type-intrinsic program [15] or by extracellular cues remains an open question. In the present study, we identify the secreted axon guidance molecule semaphorin-3A (SEMA3A) and associated signaling pathway as key regulators of basket cell axon branching that likely contribute to specific synapse formation with Purkinje cells at the axon initial segment.
Results
Terminal Basket Axon Branching Is Reduced in sema3A 2/2 and nrp1 sema2/sema2
The formation of the pinceau at the Purkinje hillock was previously described [16, 17] . The mature brush-shaped synapse labeled with parvalbumin (Parv) antibody at P21 (Figure 1A ) consisted of multiple axon terminal branching that occurred exclusively in the Purkinje cell layer (PCL). This branching pattern was observed by using bacterial artificial chromosome (BAC) transgenic mice labeling single basket cells with GFP ( Figure 1B ) [18] . Notably, in the molecular layer (ML), axon collaterals were relatively simple with very few or no branches, whereas in the PCL, they made several branches that terminated around the soma and AIS of Purkinje cells. However, the cellular and molecular mechanisms that controlled this specific layer-branching pattern remained completely unknown.
In situ hybridization showed that Sema3A mRNA was detected in all Purkinje cells by P10 [19] . In mice deficient for SEMA3A, cerebellar organization was unchanged, and most cerebellar projections developed normally [20] . On the other hand, the function of long-range axon guidance SEMA3A on local interneuron axon development remains unknown. Here, we analyzed basket axon branching at Purkinje AIS in sema3A 2/2 . To this end, the width of pinceau synapses was measured after its specific labeling with Parv antibody (Figure 1C) . Indeed, we found that the width of the pinceau synapse showed a direct correlation with the terminal branch *Correspondence: fabrice.ango@igf.cnrs.fr formation of GABAergic axons that occurred during cerebellar development (see Figure S1 available online). Our analysis at P21 revealed a significant decrease of pinceau synapses in sema3A 2/2 ( Figure 1C ). We observed a nearly 50% reduction of the width of the synapses, suggesting reduced basket axon branching ( Figure 1E ).
To determine whether SEMA3A function was transduced by receptor complexes composed with the obligate ligand-binding component Neuropilin-1 (NRP1) [21, 22] , we quantified pinceau synapses in nrp1 sema2/sema2 mutant mice that lack a functional semaphorin-binding domain [23] ( Figure 1D ). In nrp1 sema2/sema2 mice, we observed a significant reduction of the size of the pinceau synapse as quantified in Figure 1E . The reduced pinceau synapse width observed in sema3A 2/2 and nrp1 sema2/sema2 ( Figure 1F ) might reflect a direct function of SEMA3A on basket axon branch formation or maintenance. However, we cannot exclude an indirect role of SEMA3A in modulating activity-dependent basket axonal remodeling [24] .
SEMA3A-Induced GABAergic Axonal Branching Depends on Neuropilin-1 To investigate whether SEMA3A directly controls GABAergic axon branching, we used a primary culture of cerebellar interneurons from Gad67-GFP transgenic mice [17] . GABAergic interneurons were cocultured in the presence of Chinese hamster ovary (CHO) cells expressing either SEMA3A-Tomato or Tomato as a control. After 1 day in vitro (DIV1), GFP-labeled interneurons were traced, and their morphologies were analyzed using Imaris software (Figure 2A ). In the presence of SEMA3A, we observed an increase in axonal branches as compared to the control condition ( Figure 2B ). The effect of SEMA3A on GABAergic axons was specific, given that analysis of the dendritic branching revealed no difference between SEMA3A-treated and control neurons ( Figure 2C ). To further characterize the branching pattern, we analyzed the axon arbor complexity using the axonal complexity index (ACI), which takes into account the number of branches of different orders [25] (Figure 2D ). The average ACI value was significantly higher in SEMA3A-treated neurons as compared to control neurons ( Figure 2D ). In control neurons, the axon morphology was simple and mainly composed of an axon branch order of 1. In the presence of SEMA3A, we observed an increased number of branch orders greater than 1, suggesting that its major action was to contribute to GABAergic axon branch terminal complexity.
Next, we asked whether SEMA3A-induced GABAergic axon branching depended on its canonical receptor containing NRP1, as suggested in vivo. We first evaluated the expression and localization of endogenous NRP1 and its classical coreceptor plexinA1 on GABAergic interneuron primary culture using both western blot and immunohistochemistry. We found that NRP1 and plexinA1 were expressed by GABAergic interneurons and localized on the axonal growth cone after 1 day in vitro (Figure S2) . SEMA3A function was then studied in the presence of blocking antibodies directed against the ectodomain of NRP1 [21, 22, 26] . Under this condition, axons remained relatively simple, and SEMA3A was neither able to increase the number of axonal branches nor the ACI ( Figures 2B  and 2D ). The lack of response of GABAergic interneurons was not due to the antibody per se, because nonimmune antibodytreated neurons remained responsive to SEMA3A (data not shown). Thus, GABAergic axon branching was most likely mediated through activation of the NRP1-containing receptor located in the GABAergic axonal growth cone.
Local GABAergic Axon Branching Is Instructed by SEMA3A Expression Pattern It was previously shown, using a coculture model and mathematical assessment, that transfected cells secreted diffusible proteins that could create a local concentration gradient for up to 48 hr [27] . Interestingly, in our model, we noted that most branching occurred close to the CHO cell expressing SEMA3A. To quantitatively assess this observation, we analyzed axon branch distribution by a double Sholl analysis ( Figure 2E ). The first Sholl analysis was centered on the GABAergic interneuron soma and gave information about the distribution of axon branches along the axon shaft. The second Sholl analysis was centered on the CHO cell, expressing SEMA3A-T or Tomato, to assess the complexity of the axon branch locally. We then made a ratio between the local Sholl and the Sholl from neuronal soma to quantify the global branch organization. Sholl analyses of the axonal arbors revealed a significant increase in branch number at distances of 10-30 mm from the CHO cell expressing SEMA3A (Figure 2E) . On the other end, the axonal complexity was very similar at a distance greater than 40 mm for neurons that grew either in the presence of SEMA3A or Tomato ( Figure 2E ). Thus, Sholl ratio analysis showed that increased axon branching occurred preferentially close to CHO cells expressing SEMA3A, but not homogenously along the axon, suggesting that the gradient of SEMA3A could instruct axon local branching.
The role of the axon guidance gradient has long been inferred in vivo, but relatively few demonstrations of the existence of such local enrichment have been made for secreted molecules. This was mainly due to low expression level of secreted axon guidance molecules or the lack of appropriate signal amplification and detection systems. To overcome (C) SEMA3A has no effect on dendritic branches. (D) Formula for the axonal complexity index, adapted from Marshak et al. [25] . Graph shows the average axon complexity index value per axon arbor. SEMA3A increases the complexity of GABAergic axon (1.51 6 0.05; n = 27) compared to the control (1.08 6 0.03; n = 23) in a NRP1-dependent manner these limitations, we used a new methodology called ''proximity ligation assay'' (PLA), which uses rolling circle amplification for localized detection of proteins or protein interactions in fixed cells or tissues (see Experimental Procedures). With this approach, we obtained a specific signal for SEMA3A that appeared as small dots ( Figure 2F ; Figure S3 ). Using acute slices of Gad67-GFP mice at P12, we observed that the signal pattern was restricted in the PCL, and quantification revealed local enrichment of SEMA3A in the PCL ( Figure 2F ), as schematized in Figure 2G .
SEMA3A Triggers Terminal GABAergic Axon Branching through Local cGMP Signaling
Our study, both in vitro and in vivo, suggested that local SEMA3A concentration triggered GABAergic axon terminal branch formation. On the other hand, we could not exclude the possibility that SEMA3A also acted on collateral branches sprouting from the axon shaft, as previously observed for netrin [28] . Therefore, we used a time-lapse assay to quantify axon morphology at several time points following SEMA3A acute application by Sholl analysis ( Figure 3A ). We observed that SEMA3A did not affect the proximal part of GABAergic axons but significantly increased branch formation in the distal part ( Figure 3A ). Further analysis revealed that SEMA3A specifically acted at the growth cone. Under basal conditions, a significant subset (w75%) of axons had an intact growth cone, and application of control medium had no effect on the growth cone morphology (data not shown). In contrast, application of SEMA3A increased the formation of terminal branches that could be observed as early as 60 min (Figure 3B ). Thus, acute and global SEMA3A application acted preferentially on the GABAergic axon growth cone to produce terminal axon branching. We therefore hypothesized that SEMA3A signaling might be restricted to the GABAergic growth cone. Indeed, the growth cone is responsible for the integration of multiple extracellular signals and accordingly expresses a large repertoire of receptors in order to fulfill this function [29] . Thus, we investigated if SEMA3A-induced branch formation was dependent on local signaling. One potential reporter of SEMA3A signaling is cGMP. Previous study in retinal ganglion cell (RGC) neurons showed that SEMA3A could induce the local production of cGMP, which was dependent on soluble guanylyl cyclase (sGC) activity [30] . In order to explore this possibility, we sought to analyze the level of cGMP in the GABAergic growth cone, in the presence of SEMA3A, by using a specific and previously characterized cGMP antibody [31, 32] . Because of technical limitations in assessing the intracellular cGMP immunoreactivity (IR), we quantified the change in cGMP level by measuring the ratio between cGMP IR and GFP pixel intensity in the growth cone. In basal conditions, the cGMP signal intensity (mean pixel intensity per unit area) in the growth cone showed a weak expression profile ( Figures 3C and 3D ). Bath application of SEMA3A induced a transient but significant increase in cGMP signal intensity that peaked at 30 min ( Figures 3C and 3D ) and returned to basal level after 120 min ( Figure 3D ). SEMA3A-induced increase in cGMP was significantly inhibited by application of the sGC inhibitor 1H- [1, 2, 4] oxadiazole [4,3-a] quinozalin-1-one (ODQ) ( Figure 3D ). Our result revealed a local modulation of sGC activity by SEMA3A in the interneuron growth cone. Gad67-GFP cGMP cGMP Gad67-GFP cGMP cGMP To further assess the implication of cGMP signaling in GABAergic axon branching, we used a pharmacological approach. First, we asked whether increased cGMP level was necessary to induce axon branch formation. ODQ was added to interneuron culture before applying control or SEMA3A-conditioned medium. In the presence of ODQ, SEMA3A was unable to induce axon branching, and neuron morphologies were not different from the control condition ( Figure 3E ). Second, we asked if a global increase in cGMP level could trigger axon branching. To this end, we treated our culture with the membrane-permeable cGMP analog . Under this condition, SEMA3A positive function in axon branching was completely abolished ( Figure 3E ). In addition, the inhibition of adenylyl cyclase by SQ22536 did not block the SEMA3A effect ( Figure 3E ), which argues for a selective cGMP-signaling pathway in the control of GABAergic axon branching. All together, these results indicate that local control of cGMP levels by SEMA3A were necessary for terminal axon branch formation.
SEMA3A Induces Tyrosine Phosphorylation of sGC b1
Subunit in a FYN-Dependent Manner How could SEMA3A regulate cGMP level in GABAergic interneurons? One important component to relay many extracellular signals to specific intracellular compartments is tyrosine phosphorylation [33] . Indeed, tyrosine-phosphorylated proteins are enriched at the leading edges of growth cones [34] , and a tyrosine kinase inhibitor, K252a, is able to compromise SEMA3A's ability to collapse chicken sensory growth cones [35] , hence tyrosine phosphorylation may be part of the SEMA3A signaling pathway. To investigate this issue, we performed phosphotyrosine (pY) immunoprecipitation of GABAergic neuronal extract and compared tyrosine-phosphorylated protein patterns in the presence or absence of SEMA3A. Using western blotting, we demonstrated that at least the 70 kDa isoform of the b1 subunit of sGC was tyrosine-phosphorylated, whereas the a1 subunit remained unphosphorylated on tyrosine ( Figure 4A ). To further evaluate if the b1 subunit was phosphorylated and not coimmunoprecipitated with other phosphorylated partners, we analyzed the profile of proteins revealed with pY antibody after treatment of the neurons with SEMA3A-conditioned medium. We observed an increase in signal intensity at b1 apparent molecular weight (70 kDa) and not at a1 subunit molecular weight (80 kDa) (Figure 4A) , suggesting that b1 subunit was indeed phosphorylated on tyrosine in response to SEMA3A stimulation.
Analysis of sGC b1 subunit sequence for tyrosine phosphorylation motif revealed the presence of a consensus domain for Src kinases [36] . An antibody directed against this specific phosphorylation site on Tyr192 (b1pY192) has been previously generated [37] . Using this antibody, we found that b1pY192 signals increased in the presence of SEMA3A on GABAergic interneurons ( Figure 4B ) and was inhibited by the specific Src kinase inhibitor SU6656.
We next asked whether Src kinases were indeed activated by SEMA3A in GABAergic interneurons. Similar experiments using pY immunoprecipitation were peformed to detect two major Src kinases, SRC and FYN. Western blot analysis revealed an increased level of FYN ( Figure 4C ) and not of SRC phosphorylation ( Figure 4D ) in SEMA3A stimulated, as compared to the control interneuron. FYN activity can be turned on and off by specific tyrosine phosphorylation. In order to ensure that the increased phosphorylation of FYN corresponded to the active form of the protein, we used an antibody directed against the active form of FYN phosphorylated on tyrosine 418 (p-FYN). We observed that this specific signal increased in the presence of SEMA3A ( Figure 4E ). We confirmed these results in a heterologous cell line and showed that tyrosine phosphorylation of b1 was directly dependent on FYN activity ( Figure S4 ).
SEMA3A Induces Local
Trafficking of sGC to the Plasma Membrane Our data showed that sGC-increased activity was necessary for the induction of terminal branching by SEMA3A. FYN induced Y192 phosphorylation of the sGC b1 subunit in a SEMA3A-dependent manner during branch formation. On the other hand, the nonphosphorylatable form of b1 mutated on Y192 was previously shown to have no effect on sGC activity in a heterologous cell line, suggesting that the phosphorylation per se is not responsible for increased level of cGMP. Interestingly, b1Y192 phosphorylation results in exposition of a docking site for proteins containing SH2 domains, such as Src kinases [37] . And, we confirmed that Y192 phosphorylation was necessary for direct interaction of b1 with FYN in a heterologous system ( Figure S5 ). To further demonstrate that this interaction between FYN and b1 occurred in GABAergic interneurons, we performed coimmunoprecipitation experiments in primary culture. Western blot analysis revealed that FYN and b1 interacted specifically and this interaction was enhanced in the presence of SEMA3A ( Figure 4F ).
What could be the function of such interaction? One key element is that FYN is N-myristoylated and targeted to the plasma membrane [38] , where it can constitutively interact with plexinA coreceptors [39] . Moreover, translocation of sGC to the plasma membrane sensitized its enzymatic activity [40] . Therefore, we hypothesized that interaction between FYN and b1 could induce sGC recruitment to the plasma membrane in a SEMA3A-dependent manner to increase cGMP level. To investigate this possibility, we first showed that FYN and b1 interaction occurred only with active FYN and localized in the plasma membrane compartment in HEK cells ( Figure S5 ). Because this interaction was dependent on b1-Y192 phosphorylation, we then decided to visualize where the phosphorylation of sGC b1 subunit in the presence of SEMA3A occurred by staining cultured interneurons with specific anti-b1pY192 antibody. Confocal microscopic analysis revealed that the growth cone was devoid of signal in the control condition (Figure 4G) . On the other hand, 30 min application of SEMA3A induced the appearance of small clusters of sGC b1pY192 immunopositive signals at the edge of filopodia like structures at the distal part of interneuron axons ( Figure 4G ). Because the GABAergic axon is very thin, it was not possible to observe b1-pY192 signal localization at the plasma membrane. Instead we purified neuronal plasma membrane fractions that were treated with conditioned medium containing SEMA3A or control GFP and evaluated the localization of b1. In the presence of SEMA3A, we observed an increase in b1 subunit signal in the membrane fraction versus cytoplasmic fraction, as compared to the control condition ( Figure 4H ). All together, our results showed that b1Y192 phosphorylation by FYN was necessary and sufficient to trigger FYN-b1 association at the plasma membrane in a SEMA3A-dependent manner. These data further suggested that regionalized interaction between FYN and b1 could locally enhance cGMP.
sGC b1Y192 Phosphorylation and Trafficking In Vivo Next, we asked whether the sGC local trafficking mediated by FYN could be observed in the GABAergic interneuron axon at AIS in vivo. Basket cell collaterals reach the Purkinje cell layer at around P8 and start to branch abundantly to finally establish the pinceau synapse at around P16-P21 ( Figure 5A ). Immunoblot analysis revealed a stable expression of FYN and sGC b1 between P8 and P21 in cerebellum lysates ( Figures 5B and 5C ). We next examined p-FYN and b1pY192 expression at the same stages of development. Immunoprecipitation with anti-FYN and anti-b1 antibody was performed and probed with anti-p-FYN and anti-b1pY192 antibody, respectively. Immunoblot signal for p-FYN was detected at P8 and decreased at subsequent developmental stages ( Figure 5B ). The time course of b1pY192 was well correlated with FYN activity (Figure 5C ). We next asked if SEMA3A could indeed directly activate FYN and induce b1Y192 phosphorylation in acute cerebellar slices. To this end, we first confirmed the expression of NRP1 and plexinA1 in cerebellum at P12 ( Figure 5D ). In addition, coimmunoprecipitation experiments demonstrated that plexinA1 can associate with Fyn in vivo ( Figure 5D ). Then, we applied SEMA3A-conditioned medium on cerebellar slices at the same age. We observed a specific increase in both p-FYN and b1pY192 expression as shown by immunoprecipitation and immunoblot of the respective proteins ( Figure 5E ).
To reveal the cellular and subcellular localization of the activated signaling pathway, we performed immunohistochemistry experiments of b1pY192 during cerebellar development. At P12, b1pY192 signal colocalized with GFP in basket (legend continued on next page) interneurons ( Figure 5F ). The most intense signal appeared in the terminal axon tip around Purkinje cell soma ( Figure 5F ). Around P16, b1pY192 signal disappeared from basket cell axons ( Figure 5G ), which was correlated with the end of the establishment of the pinceau synapse and axonal branching. Moreover, the absence of b1pY192 signal at P16 was not due to a lack of b1, given that its expression could be visualized at P16 at the basket cell pinceau synapse (data not shown).
Finally, FYN-b1 interaction was confirmed by coimmunoprecipitation in vivo at P12 ( Figure 5H ). To further investigate if this interaction occurred in basket axons, we used the PLA technique, using primary antibodies against FYN and b1. This method makes it possible to challenge the existence and localization of protein interactions in vitro and in vivo [41] . We performed PLA on slices from Gad67-GFP transgenic mice at P12, and analysis revealed the colocalization of PLA signal with GFP in basket cell axons around Purkinje cell soma ( Figure 5I ). The signal was specific because it was absent in Gad67-GFP 3 fyn-deficient double-transgenic mice (data not shown). All together, our results showed a local trafficking of sGC in basket cell axons localized in the Purkinje cell layer during cerebellar development.
Layer-Specific Reduction of GABAergic Axon Branch in FYN Knockout Mice
To further demonstrate that FYN activity was also required for SEMA3A-induced GABAergic axon branching, we first quantified the number of cultured interneuron axon branches in response to SEMA3A alone and in the presence of SU6656. No significant difference was found between control neurons and neurons treated with SEMA3A in the presence of SU6656 ( Figure 6B ). To further investigate a cell-autonomous function of FYN, expression of FYN was downregulated by nucleofection of specific siRNA. Downregulation of FYN completely abolished the function of SEMA3A in GABAergic interneurons ( Figures 6A and 6B) .
We next asked whether the FYN signaling pathway was necessary in vivo during basket innervation of the Purkinje axon initial segment (AIS). To test this hypothesis, we analyzed the width of pinceau synapse at P21 in cerebellar slices of wildtype (WT) and fyn-deficient mice using confocal microscopy. We showed a drastically diminished pinceau synapse width in fyn 2/2 mice ( Figures 6C and 6D) , suggesting a decrease in basket cell axon branches at AIS as observed in sema3A -deficient mice ( Figures 1C, 1D, and 1E ). To further demonstrate a specific defect in GABAergic axon terminal branching, we crossed fyn 2/2 with BAC transgenic mice that expressed GFP only in a subset of basket interneuron and performed single-cell confocal microscopy analysis [18] . Because expression of GFP in basket cell axon can be detected only after P21, analyzes were performed at later developmental stages. At P40, we observed that in both WT and fyn heterozygote mice, basket cell axon main branching developed parallel to the Purkinje cells, and several ascending collaterals innervated Purkinje soma and AIS, consistent with previous Golgi staining and electromicroscopy analysis [14] . Each collateral further branched at Purkinje AIS to form the pinceau synapse ( Figure 6E ). The branching pattern of each axon collateral varied from few to many indistinct branches ( Figures 6E and 6F ). In fyn 2/2 , the overall cell morphology was similar to the control ( Figure 6E) . Indeed, the main axonal branches grew parallel to the Purkinje cell layer, and the number of axon collaterals developed with no obvious changes in the molecular layer. Strikingly, each axon collateral failed to develop extensive terminal branches at the Purkinje AIS (Figure 6E) , which was further quantified in Figure 6F . Basket interneuron branching was altered in fyn 2/2 , only in the PCL, thus demonstrating the importance of SEMA3A-FYN signaling in terminal basket cell axon branching in vivo.
Discussion
A prominent feature of GABAergic interneurons is the geometry of their axon arbors, which often have multiple side branches that extend with specific trajectories to innervate their targets [42] . Axon branching at specific and strategic locations is a key step in the formation of synaptic connections and local circuitry, but the underlying mechanisms are not well known. In the present study, we examined the role of SEMA3A secreted by targeted-Purkinje cells in basket axon terminal branching in the PCL of the cerebellar cortex. We demonstrated that knocking down SEMA3A or the binding domain of SEMA3A receptor induced a significant reduction of the stereotypical branching pattern of basket axons in PCL. Using a coculture system, we showed that a gradient of SEMA3A induced local terminal branching of GABAergic axons that was dependent on the NRP1 receptor. Furthermore, we showed that SEMA3A triggered the activation of a novel FYN signaling pathway in the axon growth cone that regulates the membrane localization of soluble guanylyl cyclase. Inhibition of sGC or FYN signaling reduced basket axon terminal branching. Knockdown of FYN signaling in vivo specifically reduced stereotypical basket axon branching in PCL. All together, our data establishes a direct link between extracellular molecular cue SEMA3A and the associated signaling pathway in regulating the specific axon branching pattern of GABAergic interneurons.
A Role for SEMA3A in Local GABAergic Axon Branching We, and others, previously showed that a subcellular gradient of neurofascin-186 located at the AIS of Purkinje cells stabilized basket axon collateral branches at Purkinje soma and the axon hillock where they form the pinceau synapse [17, 43, 44] . Here we further showed that extracellular enrichment of secreted SEMA3A in the PCL instructed the GABAergic axon to branch locally. Extracellular gradient of SEMA3A regulates axon guidance [4] , neuronal migration [45] , and neuronal polarity [46] . The formation of SEMA3A gradient was mainly suggested based on known mRNA expression patterns [47] . Here we showed local enrichment of SEMA3A as a protein using the specific signal-amplification approach PLA [48] . The enrichment of SEMA3A in the PCL could be explained by the fact that SEMA3A contains a basic region at the carboxyl terminal that may attach to cell membranes or extracellular matrix (ECM), impeding diffusion through the extracellular space [49, 50] . Interesting, SEMA3A interacts with proteoglycans in the ECM or through vesicle matrix that retains secreted SEMA3A at the cell surface in vitro [51] . During the assembly of specific components of the ECM, NF186 links the specialized brevicancontaining extracellular matrix [52] . Because Purkinje cells expressed both NF186 and brevican [53] and NF186 localized exclusively in the PCL [54] , a specialized extracellular matrix could be assembled in the PCL. Although there is currently no evidence that SEMA3A interacted directly with brevican, the specificity of such assembly could provide a base for SEMA3A local enrichment in the PCL. Notably, neuronal responses to SEMA3A were mainly studied for the diffusible protein gradient established in solution or in gel matrices. This is likely different from the in vivo situation, where SEMA3A is presented to the target cell as a bound form, raising the question of whether the bound form of SEMA3A had the same effect on the neuronal partner compared with the diffusible form. We observed that acute application of SEMA3A both in vitro and in vivo triggered the activation of the same signaling pathway. The role of ECM might thus be to regulate the spatial distribution of extracellular signaling molecules. Indeed, binding to ECM allows secreted growth factors to be sturdily maintained at high concentration for focal signaling [55] .
Local FYN-sGC Signaling Controls Terminal GABAergic Axon Branching FYN signaling pathways play a critical role in SEMA3A functions underlying apical dendrite guidance [39] and dendritic branching [56] in the cerebral cortex. In fyn-deficient mice, we did not find any defect in the GABAergic interneuron dendritic organization and observed that the overall axon organization, including the main horizontal branch and descending collaterals, were not significantly different from control WT mice, suggesting that the FYN-signaling pathway was not involved in axon guidance and dendritic guidance or branching. On the other end, we observed a strong branching defect of basket cell axon in the PCL. The formation of axonal branches can be achieved in at least three principal ways, by splitting of the growth cone, by outgrowth of a collateral from the axonal shaft, and by terminal arborization [57] . The fact that the collateral branches emerging from the main axonal shaft were not affected by FYN signaling suggests that the specific mode of axonal branching was regulated by different signaling pathways. This observation was supported by the fact that, in the spinal cord, cGMP signaling cascade induced sensory axon bifurcation [58] , but collateral formation was not affected [59] . How is the cGMP level controlled to induce local function? In both vertebrates and invertebrates, several studies suggested that membrane-bound guanylyl cyclases (mGCs) [60] were required for bifurcation of axons [59] or motor neuron pathfinding in flies [61] . In Drosophila, sGC was not essential for semaphorin-mediated function, in contrast to mGC Gyc76c [61] . Thus, one could hypothesize that local increase in cGMP levels was necessary. Consistently, our data showed that SEMA3A triggered cGMP production by recruiting sGC locally at the plasma membrane. sGC localizes to plasma membrane in rat neurons but also in other tissue, like rat vascular endothelial cells or human and rat skeletal myocytes [40, 62, 63] . The importance of this subcellular location and the mechanism involved in the sGC trafficking are at present not known. Here, our findings revealed a novel form of cGMP production at the membrane by recruiting sGC through local protein-protein interaction. Using coimmuprecipitation and PLA experiments, our study demonstrated that FYN phosphorylated and interacted with the b1 subunit of sGC at the plasma membrane. To this end, FYN phosphorylated the b1 subunit on Y192, which unfolded a SH2 docking site and favored FYN/b1pY192 heterocomplex formation. These findings strongly suggest a role of FYN in sGC trafficking, as suggested by other reports showing that FYN influences the localization and trafficking of other proteins in a phosphorylation-dependent manner [64, 65] . Furthermore, in GABAergic interneurons, our data supported a role for the FYN-dependent trafficking of sGC to the plasma membrane in GABAergic axon branching. Notably, FYN and plexinA1 physically interact in GABAergic interneurons in vivo (the present study), as suggested previously in vitro [39] , supporting the idea that local production of cGMP is essential for SEMA3A-mediated function. Thus, activation of FYN represents an elegant mechanism to localize specific cGMP signaling pathways in subcellular compartments within structures, and as such could represent a more general mechanism for cGMP regulation in response to extracellular cues.
Experimental Procedures Mutant Mice and Procedure
The experimental plan was designed according to the European Communities Council Directive and the French law for care and use of experimental animals. SEMA3A-deficient mice were obtained from RIKEN BioResource Center [66] . NRP1 sema2/sema2 mice were previously described [23] . FYNdeficient mice were obtained from JAX Mice [67] . Mutant mice were bred to our BAC transgenic mice Gad67-GFP and parvalbumin-GFP (PV-GFP) [17, 18] .
Immunohistochemistry and Confocal Microscopy
Mice were anesthetized and transcardially perfused with 4% paraformaldehyde. Sections were cut from cerebellum using a vibratome (Leica VT100). Brain sections were blocked and immunostained. For more technical details of the immunohistochemistry and confocal microscopy method, see Supplemental Experimental Procedures.
PLA Technique
Sagittal sections 30 mm thick were cut from cerebellum using cryostat. Experiments were then done according to the manufacturer's instructions (Olink Bioscience). For more technical details of the cryostat PLA method, see Supplemental Experimental Procedures.
Double Sholl Analysis
We used an ImageJ plugin that drew ten concentric circles every 10 mM from the cell body of the neuron and the CHO cell. The complexity of the axon from the cell body and in proximity to the transfected CHO was compared. A ratio between axonal complexity around the CHO cell and the interneuron soma was calculated.
Quantification of Pinceau Synapses
A predefined area for analysis of the GFP signal at the AIS was determined by taking the largest size of the morphological feature of the GFP signal from the pinceau synapse among all WT basket cells. This area was then used as the region of interest in the NIH image software and applied at the basket cell axon terminal in compound Parv-GFP WT and FYN-mutant mice, and the mean pixel intensity of the GFP signal was measured. Each genotype was acquired separately and compared to the control experiment acquired on the same day under the same condition.
Western Blotting and Coimmunoprecipitation HEK293T cells or primary culture were lysed with solubilization buffer (HEPES 20 mM, NaCl 150 mM, 1% NP40, 10% glycerol, 4 mg/ml dodecylmatoside), protease inhibitors, and phosphatase inhibitors. Mouse cerebellar tissues were homogenized in solubilization buffer and centrifuged. The supernatants were collected.
Purification of the Membrane Fraction
This was carried out with a Mem-PER Eukaryotic Membrane Protein Extraction Kit (Thermo Scientific) according to the manufacturer's instructions.
Coimmunoprecipitation
Lysates were incubated with specific antibodies for overnight at 4 C, and protein A Sepharose (GE Healthcare) or protein AG (protein Bio-Adembeads PAG, Ademtech) was added for 1 hr at 4 C. For more technical details about the protein Bio-Adembeads PAG, Ademtech coimmunoprecipitation method, see Supplemental Experimental Procedures.
Dissociated Cultures
Cerebella from P3 mice were dissected in cold PBS and cultured during 24 hr in 12-well plates at a concentration of 10 3 cells in 1 ml of medium for immunocytochemistry and in 6-well plates at a concentration of 10 6 cells in 2 ml medium for biochemistry experiments.
Coculture
For coculture, CHO cells were plated in a 24-well plate containing 18 mm coverslips and coated with polyornithine. After 1 day, the cell was transfected with plasmids using the JetPRIME transfection reagent (PolyPlus). Subsequently, dissociated GABAergic interneurons were plated on the CHO cells (10 5 cells/well). Pharmacological agents or Neuropilin-1 antibody were added 6-8 hr after plating.
Plasmids and Transfection
HEK293T cells were transfected 1 day after plating with plasmids using the JetPRIME transfection reagent (Polyplus). Plasmid coding for EGFP-SEMA3A was a gift from Joost Verhagen. Plasmid coding for FYN was obtained from Addgene. Constitutively active and dominant-negative FYN mutants were produced by changing Tyr528 to Phe and Lys299 to Met, respectively. sGC alpha1 (a1), sGC beta1 (b1), and sGC b1Y192F were previously described [37] .
siRNA Cerebellar GABAergic interneurons were nucleofected (Amaxa, Lonza) with custom small interfering RNA (siRNA) designed against mouse FYN (Eurogentec) or control (scrambled sequence with the same nucleotides) and plated on coated plates overnight.
Supplemental Information
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